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ABSTRACT
We determine the abundances of neutron-capture elements from Sr to Eu for five very-metal-poor stars
(−3<[Fe/H]<−2) in the Milky Way halo to reveal the origin of light neutron-capture elements. Previous
spectroscopic studies have shown evidence of at least two components in the r-process; one referred to as the
“main r-process” and the other as the “weak r-process,” which is mainly responsible for producing heavy and
light neutron-capture elements, respectively. Observational studies of metal-poor stars suggest that there is a
universal pattern in the main r-process, similar to the abundance pattern of the r-process component of solar-
system material. Still, it is uncertain whether the abundance pattern of the weak r-process shows universality
or diversity, due to the sparseness of measured light neutron-capture elements. We have detected the key el-
ements, Mo, Ru, and Pd, in five target stars to give an answer to this question. The abundance patterns of
light neutron-capture elements from Sr to Pd suggest a diversity in the weak r-process. In particular, scatter in
the abundance ratio between Ru and Pd is significant when the abundance patterns are normalized at Zr. Our
results are compared with the elemental abundances predicted by nucleosynthesis models of supernovae with
parameters such as electron fraction or proto-neutron-star mass, to investigate sources of such diversity in the
abundance patterns of light neutron-capture elements. This paper presents that the variation in the abundances
of observed stars can be explained with a small range of parameters, which can serve as constraints on future
modeling of supernova models.
Subject headings: metal-poor stars: general — nuclear reactions, nucleosynthesis, abundances
1. INTRODUCTION
One of the major questions in the current nuclear astro-
physics is the site of the rapid neutron-capture process (r-
process). Very-metal-poor stars are considered to be the key
to constrain the site, since their chemical abundances are
expected to exhibit the yields of a single to a few nucle-
osynthetic events (e.g., McWilliam et al. 1995; Ryan et al.
1996; Beers et al. 2005). Indeed, a small fraction of very-
metal-poor stars show large excesses of neutron-capture el-
ements that are suggested to have been processed by the r-
process in the early Galaxy. Previous spectroscopic stud-
ies have measured detailed abundance of neutron-capture el-
ements for a considerable number of very-metal-poor stars in
the MilkyWay halo to identify the origin of the r-process (e.g.
Honda et al. 2004; Wu et al. 2015).
A distinctive feature was revealed from abundance ratios
of light and heavy neutron-capture elements of a large sam-
ple of metal-poor stars measured by previous studies. Light
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neutron-capture elements include Sr, Y, and Zr, which lo-
cate near the first abundance peak associated with the neu-
tron magic number 50, and those up to Ag in this study.
Heavy neutron-capture elements include those near the sec-
ond abundance peak and heavier elements (e.g., Ba, Eu).
The abundance ratios of light and heavy neutron-capture el-
ements such as [Sr/Ba] and [Zr/Ba] show large scatter at low
metallicity, suggesting the presence of at least two r-process
components (e.g., Burris et al. 2000; Johnson & Bolte 2002;
Honda et al. 2004; Aoki et al. 2005). One is well known as
the “main r-process” (e.g. Truran et al. 2002), which yields
both light and heavy neutron-capture elements. A remarkable
feature of this process is that it appears to produce a “univer-
sal pattern,” being almost identical to the abundance pattern of
the solar-system r-process component at least for those heav-
ier than the second abundance peak (e.g., Sneden et al. 1996,
2008; Barbuy et al. 2011; Siqueira Mello et al. 2013, 2014).
The other is frequently referred to as the “weak r-process”
(e.g. Wanajo & Ishimaru 2006), which yields light neutron-
capture elements. The latter is not confirmed to be a type
of r-process and is sometimes referred to as the Lighter El-
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ements Primary Process (LEPP; Travaglio et al. 2004). We
note that other processes like the s-process in rapidly rotat-
ing massive stars (e.g., Chiappini et al. 2011; Cescutti et al.
2013) are also suggested as sources of the scatter in [Sr/Ba].
In this paper, however, we refer to it as the weak r-process
according to theoretical predictions for such a process from
the studies of supernova nucleosynthesis (Wanajo et al. 2011;
Wanajo 2013).
Previous spectroscopic studies have determined detailed
neutron-capture abundances for several metal-poor stars that
have excesses of light-to-heavy ratios (e.g., [Sr/Ba]). One of
such stars, HD 122563, is a well-studied object that shows de-
viation of the abundances of neutron-capture elements from
the solar r-process abundance distribution (e.g., Honda et al.
2006). The abundance pattern of this star has frequently been
referred to as a template for the weak r-process. The un-
derstanding of the weak r-process abundances is yet insuffi-
cient, partially due to the lack of observational constraints.
The key elements for the understanding of the weak r-process
are those between the first and second abundance peaks, such
as Mo, Ru, Pd, and Ag. However, these elements have only
weak absorption in the near-UV spectral range, which makes
them difficult to measure. Abundances of such elements
have been studied for r-process-enhanced stars with very
low metallicity (e.g., Hill et al. 2002; Sneden et al. 2003).
Pd and Ag are more generally studied for metal-poor stars
(e.g., Johnson & Bolte 2002; Hansen et al. 2012). Peterson
(2011) and Hansen et al. (2014) determined abundances of
Mo and/or Ru abundances, discussing the origin of these ele-
ments assuming the abundance pattern of HD 122563 for the
weak r-process. Most of their sample, however, are metal-rich
stars, or metal-poor stars with moderate contribution from the
main r-process. In this study, we select metal-poor objects
that are not main r-process rich stars, and have some excess
of light-to-heavy element ratios. Further studies of such stars
are required to constrain the abundance patterns of the weak
r-process.
Still, it is uncertain whether the abundance of the weak
r-process shows a universal pattern as found in the main r-
process or shows a diversity. To obtain observational con-
straints, we analyze the abundance patterns of five very-
metal-poor stars showing excesses of light-to-heavy ratios of
neutron-capture elements. The spectroscopic data of stars
were obtained with the 8.2m Subaru Telescope. Following
the methods in previous studies (e.g., Sneden et al. 1996;
Honda et al. 2006), we measure the stellar abundances of
neutron-capture elements and compare the results to the so-
lar r-process pattern. We also compare the abundances of
light neutron-capture elements among these stars to inspect
the variation of the patterns.
In §2, we describe our target stars and details of the spec-
troscopic observation obtained by the Subaru High Dispersion
Spectrograph (HDS). §3, gives details of the chemical analy-
sis of neutron-capture elements. We present the results and
discuss the source of the weak r-process from derived abun-
dances in §4. Finally, we summarize our study in §5.
2. OBSERVATIONS
Five bright stars (HD 107752, HD 110184, HD 85773,
HD 23798, and BD+6◦648) are selected for our study
based on high-resolution spectra of the UV-blue range. Pre-
vious studies show that these objects are very-metal-poor
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FIG. 1.— [Zr/Ba] abundance ratios as a function of [Fe/H]. The black
crosses show data of halo stars taken from the SAGA database (Suda et al.
2008). Red square: CS22892-052; blue diamond: HD 122563; large orange
circles: the targets of the present work. The Fe, Z,r and Ba abundances of our
target stars are taken from the results of this study.
(−3<[Fe/H]2< −2) red giants that have abundance ratios of
[Zr/Ba] higher than the solar (or stars with universal patterns
like CS 22892-052) value , but not as extreme as HD 122563
as shown in Figure 1.
The targets were observed on 2007 February 8th and 9th,
with the 8.2m Subaru Telescope HDS (Noguchi 2002). The
wavelength coverage is from 3000 to 4630 A˚ with a resolving
power of R =90,000. The signal-to-noise ratio (S/N) of the
spectrum is estimated from photon counts at 4100 A˚. In ad-
dition, we use archived HDS spectra taken from the Japanese
Virtual Observatory (JVO)3 for measuring the Ba abundance
from lines at longer wavelengths (such as 4554, 4934, 5854,
and 6497 A˚) that are not covered with our original data. The
weak Ba lines at longer wavelengths have little effect of hy-
perfine splitting and saturation compared to the strong 4554 A˚
line; therefore, we expect a more accurate measurement from
these lines.
Positions of objects, exposure time, S/N, observed dates,
and heliocentric radial velocities are summarized in Table 1.
Radial velocities are measured using Fe lines, and their errors
are estimated from standard deviation. The obtained veloci-
ties agree well with those obtained by previous studies using
high dispersion data. Hence, no signature of radial velocity
variation is found from our data. The reduction of the raw data
is carried out in a standard process using the IRAF echelle
package4.
3. CHEMICAL ABUNDANCE ANALYSIS
Abundance determinations are performed on the basis
of the model atmospheres and spectral line data, assum-
ing the local thermodynamic equilibrium (LTE). The model
atmospheres with the revised opacity distribution function
(NEWODF) by Castelli & Kurucz (2003) are adopted. We
employ a one-dimensional LTE spectral synthesis code for
our calculations of synthetic spectra. The code is based on
the same assumptions as the model atmosphere program of
Tsuji (1978), which have been used in previous studies (e.g.,
2 The abundance ratio of two elements (A and B) are defined as [A/B]=
log
XA
XB
− log
XA⊙
XB⊙
. The abundance ratio is normalized with the solar abundance
of the same elements
3 http://jvo.nao.ac.jp/portal/top-page.do
4 IRAF is distributed by the National Optical Astronomy Observatories,
which are operated by the Association of Universities for Research in As-
tronomy, Inc., with cooperation of the National Science Foundation
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TABLE 1
OBJECT DATA
Object Name R.A. Decl. Exp. Time S/N Date VH
(J2000) (J2000) (s) (4100 A˚) (UT) (km s−1)
BD+6◦648 04:13:12.771 +06:35:49.43 1800 150 2007 February 08 -143.5±0.6
HD 23798 03:46:45.544 −30:51:25.48 15,600 480 2007 February 08 89.3±0.6
HD 85773 09:53:39.708 −22:50:18.36 10,800 220 2007 February 08 147.7±0.8
HD 107752 12:22:53.449 +11:36:18.85 10,800 340 2007 February 08 219.8±0.6
HD 110184 12:40:14.375 +08:31:25.76 20,400 630 2007 February 08 139.5±0.6
Aoki et al. 2009). Spectral line data for line identifications in
our analysis are adopted from previous studies of Ivans et al.
(2006) and Honda et al. (2006). The line list used in the anal-
ysis is given in Table 2.
Among the model atmosphere parameters, we adopt effec-
tive temperatures (Teff) from studies given in Table 3. The
exception is HD 107752 for which very different Teff (about
400 K) has been obtained by different studies. We estimate
Teff from the color (V −K), adopting the Two Micron All Sky
Survey K magnitude and V magnitude by Oja (1985) taken
from the SIMBAD database.5 We prefer V −K to B−V for
the estimate of Teff, because the V −K color of giant stars is
less dependent on metallicity and molecular absorption. From
the empirical calibration between Teff and V − K color for
giant stars by Gonza´lez Herna´ndez & Bonifacio (2009), we
estimate the Teff of HD 107752 to be 4760 K which agrees
well with the Teff estimated from B−V by Ishigaki et al.
(2013). Surface gravity (log g), metallicity ([Fe/H]) and
micro-turbulence (ξ ) are determined from the analysis of Fe I
and Fe II lines as their abundances measured using individual
lines do not show any trend or systematic differences. The pa-
rameters determined for each target are summarized in Table
3.
For elements for which several absorption lines are avail-
able in our spectra, the averaged abundances measured from
individual lines are taken as the final results. On the other
hand, for those that have only one or a few measurable lines,
the spectrum synthesis technique is applied for the measure-
ment of their abundances. The effects of hyperfine splitting
are taken into account in the analysis of Ba, La, and Eu lines.
A total of 11 neutron-capture elements from Sr to Eu are mea-
sured for each star. We measure the abundances of Mo, Ru,
and Pd for the first time for the five stars in our sample. Sr is
also obtained for HD 85773, HD 23798, and HD 107752 for
the first time.
The Pb abundance is sensitive to the contributions of the s-
process, in particular, at low metallicity. In order to verify the
contribution of the s-process to the targets, the Pb 3683 and
4058 A˚ lines are inspected for our objects.
In the following subsections, details of the analysis and re-
sults are described. The abundances determined from individ-
ual lines are given in Table 2. Abundance results are given in
Table 4. To derive the [X/Fe] values, we use the solar-system
abundances obtained by Asplund et al. (2009).
3.1. Light Neutron-capture Elements (38≤Z≤48)
The Sr abundance is measured using two strong Sr II lines at
4078 and 4216 A˚ fitting the synthetic spectra to our observed
spectra. In the fitting process, line broadening affected by the
instrument, macro-turbulence, and rotation is approximated
5 SIMBAD Astronomical Database: http://simbad.u-strasbg.fr/simbad/
by a Gaussian profile. The Sr abundance determined from
strong lines is not as certain as abundances of other elements
due to the saturation effect. Hence, we do not include the
abundance of this element in later sections, where we discuss
the light neutron-capture elements.
Spectrum synthesis technique is applied to determine the
Mo, Ru, and Pd abundance. Examples of detected spectral
lines in HD 110184 are shown in Figure 2. The Mo abun-
dance is determined using the Mo I 3864 A˚ line. The line is
almost free from contamination by other lines (Fig. 2). Two
Ru I lines at 3499 and 3728 A˚ are detected, and contamination
by other lines is also checked. Mo and Ru are detected for all
the objects. The Pd abundance is also measured for the target
stars, using the 3405 A˚ line. We checked the blending of other
atomic lines using the atomic line list by Kurucz (1993). The
spectra are analyzed using the line list around this Pd I line
provided by Johnson & Bolte (2002).
3.2. Heavy Neutron-capture Elements (56≤Z≤63)
The abundance of Ba is determined including the effect of
hyperfine splitting (McWilliam et al. 1998). The quality of
HDS spectra from JVO for measuring 4934, 5854, and 6497
A˚ Ba lines is sufficient for our measurement. The isotope
ratios of Ba estimated for the r-process component of solar-
systemmaterial (Sneden et al. 1996) are assumed. The heavy
neutron-capture elements including Ba exhibit enhancement
in three out of five stars, suggesting the s-process contribution
to Ba in these stars, as discussed in §4.1. We also attempt
to determine the abundance assuming the s-process isotope
ratios (Sneden et al. 1996) to investigate the effect on derived
abundance. The abundance derived assuming the s-process
isotope ratio is 0.1 dex greater at most than the abundance
derived from those for the r-process case. In particular, the
effects are negligible in the analysis of weak Ba lines in the
red range. Hence, we employ the results obtained assuming
the solar-system r-process isotope ratio as the final results.
We update the line list of Honda et al. (2006) for Ce, by
adopting gf-values determined by Lawler et al. (2009). The
difference of gf-values between the new and previous line lists
is around 0.1 dex, and at most 0.34 dex for the 4015 A˚ line.
This line is used for the determination of the Ce abundance
of HD 85773; the abundance of Ce of this star decreased by
0.05 dex after adopting the gf-values by Lawler et al. (2009).
Overall, the update of gf-values has little impact on the final
results.
We have detected Eu II lines at 3820, 4130, and 4205 A˚. Hy-
perfine splitting is taken into account, adopting the line data
of Lawler et al. (2001). We assume the isotope fraction of
151Eu and 153Eu to be 0.5, which is close to the solar isotope
fraction.
Pb abundance is measured using the Pb I 3684 A˚ line. We
are able to measure the Pb abundance of two stars, BD+6◦648
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TABLE 2
LINE DATA AND EQUIVALENTWIDTHS
BD+6◦648 HD 23798 HD 85773 HD 107752 HD 110184
Element Wavelength L.E.P log gf log ε EW log ε EW log ε EW log ε EW log ε EW
(A˚) (eV) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚)
Sr II 4077.71 0.00 0.17 · · · · · · · · · · · · −0.02 201.4 −0.13 144.0 · · · · · ·
Sr II 4215.52 0.00 −0.17 0.95 273.2 0.86 266.6 0.02 174.1 −0.39 117.5 0.46 247.4
Y II 3549.01 0.13 −0.28 0.02 85.3 −0.26 83.9 −0.98 63.8 −0.90 42.6 −0.91 80.6
Y II 3600.74 0.18 0.28 · · · · · · · · · · · · · · · · · · · · · · · · −0.99 92.6
Y II 3611.04 0.13 0.10 −0.16 90.2 −0.07 103.7 −1.17 68.9 −0.98 52.6 −0.85 93.3
Y II 3950.36 0.10 −0.49 0.21 93.7 0.03 96.6 −0.73 70.5 −0.84 41.4 −0.53 89.7
Y II 4398.01 0.13 −1.00 · · · · · · 0.13 82.6 · · · · · · −0.78 21.8 · · · · · ·
Zr II 3438.23 0.09 0.42 · · · · · · · · · · · · · · · · · · −0.32 74.8 · · · · · ·
Zr II 3457.56 0.56 −0.53 · · · · · · 0.63 67.9 −0.25 44.2 −0.12 23.5 −0.15 64.0
Zr II 3479.02 0.53 −0.69 · · · · · · · · · · · · · · · · · · −0.26 14.8 · · · · · ·
Zr II 3536.94 0.36 −1.31 · · · · · · 0.54 39.8 · · · · · · −0.22 7.2 −0.31 30.9
Zr II 3573.08 0.32 −1.04 0.62 54.3 0.50 54.2 −0.36 29.6 −0.22 13.6 −0.28 43.1
Zr II 3630.02 0.36 −1.11 · · · · · · 0.54 55.1 −0.25 28.8 −0.28 9.6 −0.09 46.2
Zr II 4050.33 0.71 −1.00 · · · · · · 0.75 47.2 · · · · · · · · · · · · · · · · · ·
Zr II 4071.09 1.00 −1.60 · · · · · · 0.99 18.7 · · · · · · · · · · · · · · · · · ·
Zr II 4208.99 0.71 −0.46 · · · · · · 0.62 73.9 −0.05 47.0 −0.16 21.7 0.17 66.8
Zr II 4317.32 0.71 −1.38 0.91 33.9 0.85 32.8 · · · · · · · · · · · · 0.23 24.2
Zr II 4613.92 0.97 −1.52 · · · · · · 0.98 23.2 · · · · · · · · · · · · · · · · · ·
Mo I 3864.10 0.00 −0.01 0.03 41.9 −0.11 30.0 −0.97 11.6 −0.90 2.0 −0.70 23.0
Ru I 3498.94 0.00 0.31 −0.33 30.9 −0.28 29.1 −1.17 12.2 −0.96 2.5 −0.91 21.4
Ru I 3728.03 0.00 0.27 −0.28 31.7 −0.06 38.0 −0.84 18.9 −0.95 2.3 −0.70 23.0
Pd I 3404.58 0.81 0.32 −0.78 35.9 −0.74 35.1 −1.30 26.7 −1.35 4.1 −1.22 32.1
Ba II 4554.03 0.00 0.14 0.10 204.3 −0.23 196.4 −0.76 170.6 −0.99 123.7 −0.91 182.2
Ba II 4934.10 0.00 −0.16 0.15 206.0 −0.23 197.4 −0.74 174.7 −0.92 126.3 −0.91 184.5
Ba II 5853.69 0.60 −0.91 0.30 93.1 −0.06 84.1 −0.82 50.7 −1.30 10.6 −1.31 30.2
Ba II 6141.73 0.70 −0.08 0.32 140.5 −0.01 135.5 −0.76 104.1 · · · · · · · · · · · ·
Ba II 6496.91 0.60 −0.38 · · · · · · 0.04 134.2 · · · · · · −1.13 45.4 −1.12 92.5
La II 3794.77 0.24 0.21 · · · · · · · · · · · · · · · · · · −1.88 11.0 · · · · · ·
La II 3988.52 0.40 0.21 · · · · · · · · · · · · · · · · · · −1.85 8.7 · · · · · ·
La II 3995.75 0.17 −0.06 · · · · · · · · · · · · · · · · · · −1.82 9.2 · · · · · ·
La II 4086.71 0.00 −0.07 −0.64 71.7 −1.05 58.6 · · · · · · −1.79 14.3 −1.84 40.6
La II 4123.22 0.32 0.13 −0.70 60.2 −0.97 55.1 −1.78 25.6 −1.80 9.8 −1.76 33.3
La II 4322.51 0.17 −0.93 −0.81 17.2 −0.94 14.6 · · · · · · · · · · · · −1.67 8.9
La II 4429.91 0.23 −0.35 · · · · · · · · · · · · −1.64 18.0 · · · · · · −1.65 23.4
Ce II 4014.90 0.53 −0.20 · · · · · · · · · · · · −1.33 5.3 · · · · · · · · · · · ·
Ce II 4053.50 0.00 −0.61 · · · · · · · · · · · · · · · · · · −1.23 3.1 · · · · · ·
Ce II 4073.47 0.48 0.21 · · · · · · −0.72 22.0 −1.52 9.2 · · · · · · · · · · · ·
Ce II 4115.37 0.92 0.10 · · · · · · · · · · · · · · · · · · −1.15 1.6 · · · · · ·
Ce II 4165.60 0.91 0.52 · · · · · · · · · · · · · · · · · · −1.45 2.1 · · · · · ·
Ce II 4222.60 0.12 −0.15 −0.50 35.3 −0.69 28.3 −1.46 12.7 −1.40 4.4 · · · · · ·
Ce II 4418.78 0.86 0.27 · · · · · · −0.67 11.3 · · · · · · · · · · · · −1.34 7.1
Ce II 4483.89 0.86 0.10 · · · · · · · · · · · · · · · · · · · · · · · · −1.14 7.6
Ce II 4523.08 0.52 −0.08 · · · · · · · · · · · · · · · · · · −0.99 4.6 · · · · · ·
Ce II 4539.74 0.33 −0.08 −0.37 33.4 −0.62 24.0 · · · · · · −1.30 3.9 · · · · · ·
Ce II 4551.29 0.74 −0.42 · · · · · · · · · · · · · · · · · · · · · · · · −1.19 3.3
Ce II 4562.36 0.48 0.21 −0.36 39.2 −0.58 29.8 −1.30 14.1 −1.31 4.9 −1.33 17.6
Ce II 4628.16 0.52 0.14 −0.36 33.5 · · · · · · · · · · · · · · · · · · −1.30 14.9
Nd II 4012.70 0.00 −0.60 · · · · · · · · · · · · · · · · · · −1.20 5.6 · · · · · ·
Nd II 4021.33 0.32 −0.10 −0.55 14.1 −0.77 25.0 −1.43 14.1 −1.43 4.4 · · · · · ·
Nd II 4059.95 0.20 −0.52 · · · · · · −0.76 15.9 · · · · · · · · · · · · · · · · · ·
Nd II 4061.08 0.47 0.55 −0.35 33.1 −0.68 53.8 −1.35 33.1 −1.31 14.8 · · · · · ·
Nd II 4368.63 0.06 −0.81 · · · · · · −0.64 18.0 −1.24 10.3 · · · · · · −1.33 11.4
Nd II 4446.38 0.20 −0.35 −0.42 15.5 −0.63 29.1 −1.28 15.9 · · · · · · −1.32 19.3
Nd II 4501.81 0.20 −0.69 · · · · · · · · · · · · · · · · · · −1.11 3.6 · · · · · ·
Nd II 4513.33 0.06 −1.33 −0.29 5.3 −0.54 7.5 −1.03 5.3 · · · · · · −1.24 4.8
Nd II 4563.22 0.18 −0.88 −0.27 9.6 · · · · · · · · · · · · −1.11 2.6 · · · · · ·
Eu II 3819.64 0.00 0.51 · · · · · · −1.62 113.8 −2.23 78.3 · · · · · · −2.10 104.7
Eu II 4129.70 0.00 0.22 −1.38 111.4 −1.42 110.7 −2.00 76.1 −2.01 31.2 -1.96 94.4
Eu II 4205.04 0.00 0.21 · · · · · · −1.46 125.5 −2.02 81.2 · · · · · · · · · · · ·
Pb I 3683.46 0.97 −0.54 −0.05 7.6 −0.43 2.7 <−0.65 · · · · · · · · · · · · · · ·
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TABLE 3
STELLAR PARAMETER
Object Name Teff [Fe/H] log g
1 log g r 2 ξ ξ Ba 3 References
(K) (dex) (dex) (dex) (km s−1) (km s−1)
BD+6◦648 4400 −2.11 0.90 1.30 1.85 1.80 1
HD 23798 4450 −2.26 1.06 1.26 2.17 1.92 2
HD 85773 4268 −2.62 0.87 0.87 1.98 2.00 3
HD107752 4760 −2.85 · · · 1.40 1.90 1.85 · · ·
HD110184 4240 −2.52 0.30 0.50 2.21 2.32 4
1 log g from precedent research
2 log g regulated from abundances derived from Fe I and Fe II
3 ξ determined from JVO data used for Ba abundance measurements
REFERENCES. — (1)Aoki & Honda (2008), (2) Burris et al. (2000), (3) Simmerer et al.
(2004), (4) Honda et al. 2004
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FIG. 2.— Observed light neutron-capture elements of HD 110184: the Mo I line (3864.10 A˚), two Ru I lines (3498.94 and 3728.03 A˚) and the Pd I line (3404.58
A˚). Dotted lines are the observations; solid green (middle) lines are the spectra calculated for the adopted abundances. The blue (upper) and red (lower) lines are
the spectra calculated changing the values by ±0.2 dex.
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TABLE 4
ELEMENTAL ABUNDANCES
BD+6◦648 HD 23798 HD 85773 HD 107752 HD 110184
Species logε σran σtot [X/Fe] N log ε σran σtot [X/Fe] N log ε σran σtot [X/Fe] N log ε σran σtot [X/Fe] N log ε σran σtot [X/Fe] N
Sr II 0.95 0.15 0.19 0.19 2 0.86 0.15 0.19 0.25 2 0.00 0.16 0.20 −0.25 2 −0.26 0.15 0.28 −0.28 2 0.46 0.15 0.28 0.11 1
Y II 0.02 0.15 0.26 −0.09 3 −0.04 0.15 0.26 0.01 4 −0.96 0.18 0.28 −0.55 3 −0.87 0.15 0.16 −0.23 4 −0.82 0.17 0.18 −0.51 4
Zr II 0.76 0.15 0.18 0.29 2 0.71 0.18 0.20 0.39 9 −0.23 0.16 0.19 −0.19 4 −0.22 0.15 0.16 0.05 7 −0.07 0.21 0.21 −0.13 6
Mo I 0.03 0.15 0.25 0.25 1 −0.11 0.15 0.25 0.27 1 −0.97 0.16 0.26 −0.23 1 −0.90 0.15 0.17 0.07 1 −0.70 0.15 0.17 −0.06 1
Ru I −0.31 0.15 0.28 0.05 2 −0.17 0.15 0.28 0.34 2 −1.01 0.16 0.28 −0.14 2 −0.96 0.15 0.21 0.14 2 −0.85 0.15 0.21 −0.08 2
Pd I −0.78 0.15 0.21 −0.25 1 −0.74 0.15 0.21 −0.05 1 −1.30 0.16 0.22 −0.25 1 −1.35 0.15 0.18 −0.07 1 −1.22 0.15 0.18 −0.27 1
Ba II 0.22 0.15 0.18 0.15 4 −0.10 0.15 0.18 −0.02 5 −0.77 0.16 0.18 −0.33 4 −1.09 0.15 0.16 −0.52 4 −1.06 0.17 0.18 −0.72 4
La II −0.72 0.15 0.17 0.28 3 −0.99 0.15 0.17 0.17 3 −1.75 0.16 0.18 −0.23 3 −1.83 0.15 0.16 −0.08 2 −1.73 0.15 0.16 −0.31 4
Ce II −0.40 0.15 0.18 0.13 4 −0.66 0.15 0.18 0.02 5 −1.40 0.16 0.19 −0.36 4 −1.26 0.15 0.16 0.01 7 −1.26 0.15 0.16 −0.32 5
Nd II −0.38 0.15 0.18 0.30 5 −0.67 0.15 0.18 0.17 6 −1.27 0.16 0.19 −0.07 5 −1.23 0.15 0.16 0.20 5 −1.30 0.15 0.16 −0.20 3
Eu II −1.38 0.15 0.19 0.20 1 −1.50 0.15 0.19 0.24 3 −2.08 0.16 0.20 0.02 3 −2.02 0.15 0.16 0.31 1 −2.03 0.15 0.16 −0.03 2
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and HD 23798 (Fig. 3). An upper limit of Pb is estimated for
HD 85773 (Fig. 3). The Pb I 4058 A˚ line is not used because
of the severe blend with CH molecular lines. The abundance
of Pb of BD+6◦648 was measured using the 4058 A˚ line in a
previous study by Aoki & Honda (2008). Although the abun-
dance is measured using different lines, our result is in good
agreement with their Pb abundance. No meaningful upper
limit is obtained for the other two objects.
3.3. Re-analysis of HD 122563
To verify the consistency of our analysis with previous stud-
ies, we apply our analysis procedure to the data of HD122563
reported by Honda et al. (2006). We adopt the equivalent
widths of Honda et al. (2006) as well as atomic data, except
for Ce. For this element, atomic data updated by Lawler et al.
(2009) are adopted. The results are given in Table 5 for com-
parison with those obtained by Honda et al. (2006).
The chemical abundances of HD 122563 obtained by our
analysis agree well with those obtained by Honda et al.
(2006). The abundances of most elements are systemati-
cally lower by around 0.05–0.10 dex than those obtained by
Honda et al. (2006). This difference can be attributed to
the difference in model atmospheres. Honda et al. (2006)
adopts models provided by Kurucz (1993) in which con-
vective overshooting is assumed, while we adopt models of
Castelli & Kurucz (2003), which are calculated assuming
pure mixing-length convection with the new opacity distri-
bution functions. The temperature structure of the models
of Castelli & Kurucz (2003) is several tenths of kelvin lower
than those of Kurucz (1993).
Aside from the effect of the difference in the model at-
mosphere, Ce abundance shows a relatively large difference
(0.19 dex). The updated atomic data by Lawler et al. (2009)
partially explains the discrepancy between the two studies,
though the effect is less than 0.1 dex as mentioned above.
3.4. Error Estimates
The values adopted for error bars (total error) for compar-
isons of abundance patterns are estimated from the random
errors and the systematic errors affected by uncertainties of
model atmosphere parameters. We estimated the random er-
rors from the standard deviation of abundances derived from
individual lines. As for the abundances of elements that have
only one or two available lines, the standard deviation of Fe
abundance ratios from individual Fe I lines is adopted. The
standard deviation of Fe is also adopted for elements that have
several available lines but the standard deviation of the abun-
dances derived from these lines is smaller than that of Fe.
We also independently estimated errors due to the uncertain-
ties of equivalent width measurements based on the relation
σw ≃ (λ n
1/2
pix )/(R[S/N]) (Norris et al. 2001). For example,
the error from the uncertainties of equivalent width of the Mo
line at 3864 A˚ of BD+6◦648, which has the lowest S/N at
4100 A˚ among the sample as shown in Table 1, is 0.10 dex.
The errors due to the uncertainty of continuum placement,
which is at most 2%, is 0.07 dex. These errors are smaller
than those estimated from the standard deviation described
above. Therefore, we adopted the standard deviations as the
random errors, listed as “σran” in Table 4.
The uncertainties of model atmosphere parameters have ef-
fects mostly on the systematic errors of the abundances of
neutron-capture elements. The effects of stellar parameters
on abundances are given in Table 6 and Table 7 for HD
TABLE 5
ABUNDANCE OF HD 122563
log ε
Species Z Our Measurement Honda et al. (2006)
Sr II 38 −0.17 −0.11
Y II 39 −0.99 −0.93
Zr II 40 −0.35 −0.28
Mo I 42 −0.91 −0.87
Ru I 44 −0.87 −0.86
Pd I 46 −1.38 −1.36
Ba II 56 −1.66 −1.62
La II 57 −2.73 −2.66
Ce II 58 −2.02 −1.83
Nd II 60 −2.05 −2.01
Eu II 63 −2.84 −2.77
107752 ([Fe/H]=−3.01) and BD+6◦648 ([Fe/H]=−2.10), re-
spectively, which hold the lowest and highest metallicity in
our five samples. The rest of the stars, which hold similar
properties, are expected to involve similar errors. Tables show
differences in abundance measurements (original abundance
− abundance measured using changed parameter) by chang-
ing ±100 K for Teff, ±0.3 dex for log g, ±0.3 dex for [Fe/H],
and ±0.3 km s−1 for ξ .
In particular, effects of changing [Fe/H] and log g are sys-
tematically different between abundances derived from neu-
tral and ionized species. Abundances of Mo, Ru, and Pd are
determined by lines of neutral species, whereas other heavy
elements are measured from ionized species. This indicates
that the abundance ratios derived from neutral and ionized
species (e.g., Mo/Zr) could be significantly affected by pa-
rameters (e.g., Teff) adopted in the analysis. We investigate
the effect on the abundance pattern of HD 107752, by con-
ducting abundance analyses for Teff = 4400 and 4760 K. The
log g, [Fe/H], and ξ are derived for each Teff, resulting in
0.7dex higher log g for the higher Teff. The abundance ra-
tios of heavy elements are∼ 0.5 dex systematically greater for
4760K. Interestingly, however, the abundance patterns are not
significantly dependent on the choice of Teff. The effect of the
changes of Teff adopted in the analysis is larger for elements
measured from neutral species. On the other hand, changes of
log g have little effect on the abundances of these elements,
while elements measured from ionized species are affected
by changes of log g as well by the changes of Teff. Hence,
even though both neutral and ionized species are studied, the
overall abundance pattern obtained by the present work is ro-
bust. We added the random and systematic errors in quadra-
ture to derive the values adopted for error bars for comparison
of abundance patterns, which are listed as “σtot” in Table 4.
3.5. Comparison with Previous Studies
To verify our results, we compare to the abundances mea-
sured by previous studies for the same objects. We exclude
Sr from the comparison, since their abundances are less cer-
tain (§3.1). Differences of adopted atmospheric parameters
and abundance results (our result minus the values of previ-
ous studies) are summarized in Table 8.
3.5.1. BD+6◦648
Three neutron-capture elements (La, Eu, and Pb) of
BD+6◦648 have been studied by Aoki & Honda (2008). A
relatively large difference of atmospheric parameters is found
8 Aoki et al.
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FIG. 3.— Observed Pb I lines of BD+6◦648, HD 23798 and HD 85773. Dotted line: observations; solid green lines are the spectra calculated for the adopted
abundances. The green line is adopted as the upper limit of the Pb abundance for HD 85773. Blue (upper) and red (lower) lines are the spectra calculated
changing the values by ±0.3. The gray solid line (top) shows the calculated spectra without Pb contamination.
TABLE 6
ERROR ESTIMATES FOR HD 107752
∆Teff ∆log g ∆[Fe/H] ∆ξ
Species −100 K +100 K −0.3 +0.3 −0.3 +0.3 −0.3 +0.3
Fe I −0.12 0.12 0.04 −0.04 0.00 −0.01 0.14 −0.12
Fe II −0.01 0.02 −0.09 0.10 0.00 0.01 0.02 −0.02
Sr II −0.08 0.10 −0.03 0.05 0.09 −0.07 0.26 −0.22
Y II −0.08 0.08 −0.07 0.08 −0.01 0.01 0.07 −0.05
Zr II −0.08 0.08 −0.08 0.09 −0.01 0.01 0.05 −0.04
Mo I −0.15 0.15 0.01 −0.01 0.00 −0.02 0.00 0.00
Ru I −0.24 0.18 0.00 −0.01 0.02 −0.04 0.01 −0.02
Pd I −0.17 0.15 0.02 −0.03 0.02 0.00 0.02 −0.01
Ba II −0.07 0.11 −0.10 0.09 −0.03 0.04 0.04 −0.02
La II −0.08 0.08 −0.09 0.10 −0.01 0.01 0.00 −0.01
Ce II −0.08 0.08 −0.09 0.09 −0.01 0.01 0.00 0.00
Nd II −0.08 0.08 −0.09 0.09 −0.01 0.01 0.01 0.00
Eu II −0.08 0.07 −0.09 0.09 −0.01 0.00 0.00 0.00
in the value of log g (0.4 dex). According to our error esti-
mates (Table 7), such a difference in the value of log g results
in a change of the abundance of heavy elements around +0.09
dex. The difference in the value of ξ is −0.35 km s−1, which
affects the abundance of La around +0.09 dex according to
Table 7. The estimations are comparable with the difference
between our results of La and Eu, and those of Aoki & Honda
(2008). This suggests that the differences in abundance are
mostly due to the difference of the adopted atmospheric pa-
rameters.
This object was also studied by Burris et al. (2000). They
have measured the abundances of Y, Zr, Ba, La, Nd, and
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TABLE 7
ERROR ESTIMATES FOR BD+6◦648
∆Teff ∆log g ∆[Fe/H] ∆ξ
Species −100 K +100 K −0.3 +0.3 −0.3 +0.3 −0.3 +0.3
Fe I −0.19 0.18 0.08 −0.07 0.02 −0.03 0.17 −0.18
Fe II −0.03 0.03 −0.11 0.10 −0.04 0.05 0.08 −0.06
Sr II −0.11 0.13 −0.01 0.01 0.02 −0.03 0.18 −0.17
Y II −0.07 0.06 −0.08 0.07 −0.05 0.06 0.28 −0.24
Zr II −0.04 0.04 −0.10 0.10 −0.06 0.07 0.09 −0.06
Mo I −0.27 0.21 0.02 −0.02 0.08 −0.12 0.03 −0.04
Ru I −0.29 0.25 0.05 −0.04 0.07 −0.09 0.02 −0.01
Pd I −0.21 0.21 0.04 −0.01 0.02 −0.02 0.03 −0.04
Ba II −0.04 0.07 −0.09 0.09 −0.05 0.06 0.05 −0.07
La II −0.05 0.04 −0.10 0.09 −0.04 0.06 0.09 −0.07
Ce II −0.05 0.05 −0.10 0.11 −0.06 0.07 0.05 −0.03
Nd II −0.05 0.05 −0.11 0.10 −0.06 0.07 0.06 −0.04
Eu II −0.05 0.04 −0.10 0.09 −0.05 0.06 0.00 0.00
Pb I −0.24 0.20 0.07 −0.03 0.01 −0.02 0.00 0.00
Eu. Overall, their results are in good agreement with ours as
shown in Table 8. Largest disagreement is the measurement
of Nd, for which their result is 0.12 dex higher than ours. The
Teff adopted by Burris et al. (2000) is lower than ours by 100
K. Such a difference in the value of Teff results in lower abun-
dance, while the higher log g (0.20 dex) of our work partially
cancels the effect.
3.5.2. HD 23798
Neutron-capture elements including La and Eu of HD
23798 have been studied by Simmerer et al. (2004). We
adopt Teff from their study. The difference of ξ between their
study and ours is 0.32 km s−1, which does not significantly
affect the analysis of weak lines. The abundances of the two
elements are in good agreement with ours.
3.5.3. HD 85773
We adopt Teff from Simmerer et al. (2004) for this target.
The atmospheric parameters are overall in good agreement.
The abundances of the two neutron-capture elements La and
Eu measured by them are both higher than our results by
around 0.2 dex. The ratio between La and Eu (La/Eu) is
comparable. The reason for the discrepancy in abundances
is unclear, due to the few available details of analysis in
Simmerer et al. (2004).
The target has also been studied by Ishigaki et al. (2013).
They measured abundances of Y, Zr, Ba, Nd, and Eu. The Teff
we adopt is 102 K lower than their Teff. [Fe/H] derived by our
analysis is also lower than that of Ishigaki et al. (2013). Our
overall abundance ratios are lower by 0.1 to 0.2 dex than their
results, and the discrepancy is at least partially explained by
the differences in adopted effective temperature.
3.5.4. HD107752
Neutron-capture elements of HD 107752 have been studied
by Ishigaki et al. (2013). They measured the abundance of
Y, Zr, Ba, Nd, and Eu. The Teff and log g in our analysis are
66 K and 0.2 dex lower than those in Ishigaki et al. (2013).
According to our investigation on error estimates (Table 6),
such differences in log g and Teff should affect the abundance
about −0.1 dex. The discrepancy of the abundances between
the two studies is attributed to the difference in the adopted
atmospheric parameters.
3.5.5. HD110184
Neutron-capture elements of HD 110184 have been studied
by Honda et al. (2004). They measured abundances of Y, Zr,
Ba, La, Ce, Nd, and Eu. The abundances of heavy neutron-
capture elements from La to Eu obtained by our analysis are
in good agreement with their results. The Ba abundance deter-
mined by our study is about 0.24 dex lower than their result.
This is due to the difference in the adopted lines. Honda et al.
(2004) use the two lines at 4554 and 4934 A˚, which give out
higher abundance compared to lines in the red range such as
5854 and 6497 A˚ we adopted (see §2).
Our results of Y and Zr have differences of around 0.4 dex
from theirs. The discrepancy is also due to the difference in
the adopted lines. Honda et al. (2004) use five lines to deter-
mine the abundance of Y. Of these five lines, only 3950 A˚ is
included in the lines we adopt. The equivalent width of 3950
A˚ measured by our study is 89.7 mA˚ and abundance (logε(Y))
derived is −0.53 dex. Honda et al. (2004) measured 88.7
mA˚ for this line, which is consistent with our measurement.
Other lines used by Honda et al. (2004) are not included in
our study, because some are within the gap of our spectrum
and some are suspected to be affected by contamination. The
abundances obtained from other lines we adopted are lower
than that derived from the 3950 A˚ line, which renders our re-
sult, which is lower than that in Honda et al. (2004).
The abundance of Zr derived by Honda et al. (2004) is 0.32
dex higher than our result. We adopt six lines to determine
the abundance of Zr, whereas Honda et al. (2004) adopted
three lines (4161, 4209, and 4317 A˚). Among these lines, we
do not adopt 4161 A˚ due to contamination suspected for the
line. The average of the abundance obtained from the other
two lines (4209 and 4317 A˚) is 0.20 dex, which is in good
agreement with Honda et al. (2004), whereas the abundance
derived from the rest of the lines adopted in our study is higher
than theirs.
The abundances of Y, Zr, Pd, Ba, and Eu are also studied by
Hansen et al. (2012). In addition, Hansen et al. (2014) mea-
sured Mo and Ru for this object. The abundances (logε val-
ues) of these elements derived by Hansen et al. (2012, 2014)
are 0.5 – 0.8 dex higher than our results. This is partially ex-
plained by the difference of adopted atmospheric parameters:
the Teff we adopt is 210 K lower than theirs. Differences of
abundances between the two studies, however, remain to be
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TABLE 8
COMPARISON WITH PREVIOUS STUDIES
Star ∆Teff ∆logg ∆ [Fe/H] ∆ ξ ∆log ε (dex)
(K) (dex) (dex) (km s−1) Y Zr Ba La Ce Nd Eu References
BD+6◦648 0 +0.40 −0.01 −0.35 · · · · · · · · · +0.23 · · · · · · +0.12 1
−100 +0.20 −0.01 −0.15 −0.09 −0.07 +0.04 +0.03 · · · −0.12 −0.08 2
HD 23798 0 +0.20 0.00 −0.32 · · · · · · · · · +0.02 · · · · · · −0.14 3
HD 85773 0 0.00 0.00 −0.02 · · · · · · · · · −0.19 · · · · · · −0.24 3
−102 +0.14 −0.21 0.00 −0.22 −0.20 −0.02 · · · · · · −0.12 −0.15 4
HD 107752 −66 −0.21 −0.02 +0.05 −0.02 −0.19 −0.19 · · · · · · −0.07 −0.06 4
HD 110184 0 +0.20 0.00 +0.30 −0.42 −0.32 −0.24 +0.03 +0.19 +0.03 −0.12 5
REFERENCES. — (1)Aoki & Honda (2008), (2) Burris et al. (2000), (3) Simmerer et al. (2004), (4) Ishigaki et al. (2013), (5) Honda et
al. (2004)
NOTE. — The difference is taken in a sense of our results minus other works
of the 0.2 dex level, even after the differences of parameters
are taken into consideration. The reason for the discrepancy is
unclear, due to the few available details of abundance analysis
for this object in their studies. It should be noted, however,
that these differences are systematic, and the overall abun-
dance patterns obtained by the two studies are similar to each
other.
4. RESULTS AND DISCUSSION
4.1. Comparison with the Solar r-process Pattern
Figures 4 (a) - (e) show abundances of the five tar-
get stars compared to the Eu scaled solar r-process pat-
tern (Simmerer et al. 2004). The abundance pattern
of HD 122563 (Honda et al. 2006) and CS 22892-052
(Sneden et al. 2003) are also compared to the solar r-process
pattern in Figure 4 (f). The abundance patterns of HD 122563
and the solar r-process are scaled to the Eu abundance of CS
22892-052.
As shown in Figure 4 (a) and (b), the abundance pat-
terns of heavy neutron-capture elements of the two stars, HD
107752 and HD 110184, agree with that of the scaled solar r-
process. An exception is Ce, which is overabundant at about
0.4 dex compared to the scaled solar r-process pattern in both
stars. Similar disagreement is also found in the abundance of
HD 122563; its measurement of Ce results in the overabun-
dance of about 0.5 dex (Figure 4 (f)).
On the contrary, the abundances of light neutron-capture
elements of all the target stars tend to be overabundant
compared to the solar r-process pattern normalized at Eu.
The levels of overabundance are not as evident as found in
HD 122563 (Fig. 4 (f)). This is expected from our target se-
lection (Fig. 1), since our targets are known to have higher
[Zr/Ba] ratios than the solar values, but not as extreme as
HD 122563. Such an overabundance of light neutron-capture
elements suggests contribution of the weak r-process. In par-
ticular, the abundances of Sr and Zr are significantly over-
abundant. An exception is Y, which shows no excess com-
pared to the scaled solar r-process pattern. Similar trend of Y
is also found in CS 22892-052 and HD 122563 (Fig. 4(f)). Mo
is overabundant in all the objects. However, not all of the stars
show an overabundance in Ru, while Pd is under-abundant in
all of the objects.
The three target stars BD+6◦648, HD 23798, and HD
85773 (Fig. 4 (c)–(d)) also show overabundances of heavy
neutron-capture elements, especially of Ba. We discuss possi-
ble contributions of the s-process to these elements in section
§4.2.
4.2. Contributions of Main r-process, Weak r-process and
s-process
We interpret the excess of light neutron-capture elements in
our objects as contamination of the weak r-process. If this is
the case, the abundances of our target stars will be explained
by the average of the abundances of the main and weak r-
processes with certain weights, assuming that both processes
have universal patterns. We attempt to explain the abundance
distributions of our target stars by adopting the abundances of
CS 22892-052 and HD 122563 as representative of the main
r-process and the weak r-process, respectively. The contribu-
tions of the two components are determined to reproduce the
abundance ratios between Zr and Eu of each target star. We
calculate the weights of the main r-process (f) and the weak
r-process (1− f ) as
(
f εm,Zr+(1− f )εw,Zr
)
:
(
f εm,Eu+(1− f )εw,Eu
)
= ε⋆,Zr : ε⋆,Eu,
(1)
where εm,i and εw,i are the abundances of element i for CS
22892-052 and HD 122563, respectively. ε⋆,i is the abun-
dance of element i for each of target star. The parameter f
is the contribution weight of the main r-process to Zr for each
star, as presented in Table 9. We apply the weight of main
r-process contribution to other elements by calculating
ε ′i = f εm,i +(1− f )εw,i (2)
where ε ′i is the linear abundance of each element. Table 9 also
gives the weak r-process contribution ratio calculated for Zr
Rw(Zr)=
(1− f )εw,Zr
f εm,Zr+(1− f )εw,Zr
(3)
Figures 5(a)-(e) show our target stars compared with the mix-
tures of the main and weak r-process patterns with contribu-
tion weights of the main r-process presented in Table 9. The
lines fit well to the abundance distributions of the stars HD
107752 and HD 110184 (Fig. 5 (a) and (b)).
Figures 5 (c)–(e) show results of BD+6◦648, HD 23798,
and HD 85773, respectively. Contrary to the cases for HD
107722 and HD 110184, some light elements such as Ru can-
not be reproduced by the mixed abundance patterns. Fur-
thermore, already pointed out in §4.1, some heavy neutron-
capture elements such as Ba and La are overabundant com-
pared to Eu in these three stars. In Figure 5 (c) – (e), we add
cyan lines, which represent contribution of the s-process to
heavy neutron-capture elements. For the s-process, the con-
tribution weights are calculated in the same manner applied
to the contribution of the weak r-process, so that the abun-
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FIG. 4.— Abundances of neutron-capture elements in five target stars. The abundance patterns are compared to the solar-system r-process pattern (normalized
at Eu). Panel (f) shows the abundance patterns of HD 122563 in black circles and CS 22892-052 in open circles.
adopted the solar s-process pattern by Simmerer et al. (2004).
The s-process weight ( fs) and the s-process contribution to
La, Rs(La), are presented in Table 9. The abundance pat-
TABLE 9
MAIN R-PROCESS,WEAK R-PROCESS, AND S-PROCESS CONTRIBUTION
RATIO
Object Name f Rw(Zr) fs Rs(La)
BD+6◦648 0.02 0.94 0.99 0.71
HD 23798 0.01 0.95 0.99 0.58
HD 85773 0.06 0.83 1.00 0.39
HD 107752 0.07 0.80 · · · · · ·
HD 110184 0.04 0.87 · · · · · ·
terns of heavy neutron-capture elements for these three stars
are well reproduced by adding s-process (Fig. 5), suggest-
ing their overabundance is due to the s-process contamination.
Honda et al. (2006) also found such overabundance in heavy
neutron-capture elements of HD 122563 and investigated for
the contribution of the main s-process. They searched for a
combination of the solar r-process and s-process pattern that
gives the best fit to the abundance patten of the star. They
concluded that some heavy neutron-capture elements such as
Ba and La have little contribution of s-process, and thus have
no influence on the light neutron-capture elements.
We also inspect the s-process contributions from abun-
dances of Pb. At low metallicity, Pb is sensitive to s-process
nucleosynthesis (e.g., Busso et al. 1999). We measure the Pb
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FIG. 5.— Abundances of neutron-capture elements in HD 122563 and five target stars compared to the mixed abundances (solid black line) of the main r-process
(CS 22892-052) and the weak r-process (HD 122563). The abundance of heavy neutron-capture elements is compared to the solar s-process abundance, which is
added to the mixed abundance pattern to fit the abundance of La and Eu.
abundance of BD+6◦648 and HD 23798, and estimate the
upper limit for HD 85773. Figure 6(left) shows the [Pb/Fe]
abundance ratios as a function of [Fe/H] with plots of previ-
ous studies (Sneden et al. 1998; Hill et al. 2002; Ivans et al.
2006; Aoki & Honda 2008; Roederer et al. 2009, 2010,
2012), with our three objects. Most Carbon-EnhancedMetal-
Poor stars (CEMP) with s-process abundances have higher
[Pb/Fe] than normal metal-poor stars possibly due to mass
transfer from companion AGB stars. The solid line of Figure
6 shows the average abundance ratio ([Pb/Fe] ∼ −0.2 dex)
of normal metal-poor stars taken from previous studies, and
the dotted lines show the standard deviations around the av-
erage values. Our objects have relatively high [Pb/Fe] com-
pared to the average abundance ratio of normal metal-poor
stars. Figure 6(right) shows the abundance ratios of [Pb/Eu].
Assuming that Eu represents r-process elements, the abun-
dance ratio of Pb to Eu is an indicator of s-process contamina-
tion. The upper and lower solid lines show the abundance ra-
tios of the solar-system s-process and r-process components,
respectively (Sneden et al. 1996). The ratio of the solar r-
process component is comparable to the average abundance
ratio of normal metal-poor stars (∼ −0.63 dex). Apparently,
the [Pb/Eu] ratios of the two objects in our sample are also
slightly higher than the average abundance ratio of normal
metal-poor stars.
These results suggest small contributions of the s-process
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FIG. 6.— Abundance ratios of [Pb/Fe] (left) and [Pb/Eu] (right) as functions of [Fe/H]. Black asterisks show data of CEMP stars. Black open squares show
metal-poor stars taken from the SAGA database. Our results are shown by the large diamond for BD+6◦648; large triangle for HD 23798; large filled circle with
upper limit for HD 85773. The blue solid line at [Pb/Fe] (left) shows the average abundance ratio of metal-poor stars from previous studies. The blue dotted lines
show the average standard deviation. The upper blue and lower red solid lines at [Pb/Eu] (right) show the abundance ratios of the solar-system s-process and
r-process components, respectively
to BD+6◦648 and HD 23798. However, the light neutron-
capture elements are considered to be less produced by the
s-process. In low metallicity, the number of neutrons per seed
nuclei is larger, resulting in efficiently producing the heavier
neutron-capture elements (e.g., Busso et al. 1999). We inter-
pret that the excess of light neutron-capture elements in these
stars, as well as in HD 107752 and HD 110184, is attributed
to contributions of the weak r-process.
4.3. Detailed Abundance Pattern of Light Neutron-capture
Elements
As discussed in Section 4.2, the light neutron-capture ele-
ments of our target stars can be interpreted at least partially
as the products of the weak r-process. In this subsection,
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FIG. 7.— Abundance patterns of light neutron-capture elements from Sr to
Pd for the five observed stars, HD 122563 and CS 22892-052. The patterns
are scaled at the Zr abundance of HD 122563 (black line).
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FIG. 8.— Abundances of neutron-capture elements in HD 122563 com-
pared to the mixed abundances of the main r-process (CS 22892-052) and
BD+6◦648.
we discuss the nucleosynthetic nature of the weak r-process
from our observational results. We compare the abundances
of light neutron-capture elements to inspect whether the weak
r-process yields a universal pattern as found in the case of the
main r-process.
Figure 7 shows the abundances of light neutron-capture el-
ements from Sr to Pd for the five observed stars. The abun-
dances of HD 122563 and CS22892-052 are also shown for
comparison purposes. The abundance patterns for the five
stars are scaled to match the Zr abundance of HD 122563,
since Zr can be a representative element of the weak r-process
and its abundance is better determined than the Sr abundance.
As found in Figure 7, the abundance patterns of HD
107752, HD 110184 and HD 85773 agree within the mea-
surement errors. Compared to these stars, the abundances pat-
terns of HD 23798 and BD+6◦648 drastically drop toward Pd.
Clearly, these drops cannot be reproduced by a combination
of the abundance patterns of CS 22892-052 and HD 122563.
The steeply descending abundance patterns in BD+6◦648
and HD 23798 might indicate that these stars better repre-
sent the pure weak r-process pattern rather than HD 122563.
Therefore, we examine whether the combination of the abun-
dance patterns of CS 22892-052 and BD+6◦648 reproduces
that of HD 122563. Figure 8 shows the abundances of Figure
8 shows the abundances of HD 122563 compared to the solid
line indicating a combination of the abundance patterns of
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CS22892-052 and BD+6◦648 at certain weights, in the same
manner as we did for Figure 5. As found in Figure 8, the
heavy neutron-capture elements expected from the mixture
are much more abundant than those of HD 122563, because
a significant contribution of the main r-process is required to
reproduce the abundance pattern of light neutron-capture ele-
ments for this object. In addition, the mixed pattern fails to re-
produce the Ru and Pd abundances of HD 122563. Hence, we
conclude that the light neutron-capture elements are produced
by the weak r-process, and their abundances have diversity.
As found in Figure 7, the abundance patterns of the five
stars analyzed here and the two stars previously studied show
a similar trend from Sr to Mo. The diversity becomes evi-
dent from Ru. As shown in Figure 9 (a), the [Mo/Zr] ratios
of all stars are within the range of random errors, while those
of [Ru/Zr] show a wide distribution. This figure suggests that
the abundance patterns are robust from Zr to Mo, while Ru
does not show correlation with Mo and Zr. Figure 9 (b) shows
[Ru/Zr] abundance ratios as a function of [Pd/Zr]. A correla-
tion is found in the five target stars and HD 122563 as indi-
cated by the solid regression line. The slope of the regression
line is less than one, indicating that abundance spreads are
more wider in Pd than in Ru. Interestingly, the value of CS
22892-052 also locates near the extension of the regression
line. In Figures 9 (a) and (b), abundance ratios determined
by Hansen et al. (2014) for stars with [Fe/H]< −2 are also
plotted by asterisks. Most of their results are in between the
results of our target stars and that of CS 22892-052. Their re-
sults distribute along the slopes estimated for our sample, sup-
porting the above argument about the diversity of the abun-
dance pattern found for elements heavier than Mo.
4.4. Comparison with Supernova Nucleosynthesis Models
Based on the analysis of abundance patterns of our sam-
ple, we attempt to interpret the site of the weak r-process.
In this subsection, we inspect the abundance patterns of our
target stars by comparing them to nucleosynthesis models of
types of supernovae, which are expected to be candidates
of the weak r-process sites. Proposed candidates of the r-
process site include supernovae (e.g., Woosley et al. 1994)
and neutron-starmergers (e.g., Freiburghaus et al. 1999). Re-
cent theoretical studies suggest traditional neutrino-driven su-
pernovae as a major site of light r-process elements, but
not for the heavy r-process elements (Wanajo et al. 2011;
Wanajo 2013). A scenario of magnetically driven supernovae
has been proposed as a possible site of the main r-process,
though nucleosynthetic outcomes are highly dependent on
their poorly constrained physical conditions (Winteler et al.
2012; Nishimura et al. 2015). The latest nucleosynthesis stud-
ies based on general-relativistic hydrodynamical simulations
show that neutron-star mergers can be a main r-process sites
because they make both light and heavy r-process elements
(Wanajo et al. 2014; Goriely et al. 2015). Additional sup-
port for the merger scenario has also been presented from
the studies of spectroscopic analyses (“r-process galaxy,”
Ji et al. 2016; Roederer et al. 2016) and galactic chemical
evolution (Tsujimoto & Shigeyama 2014; Hirai et al. 2015;
Ishimaru et al. 2015; Shen et al. 2015; van de Voort et al.
2015). For these reasons, we focus on the two available
models of neutrino-driven supernovae (Wanajo et al. 2011;
Wanajo 2013) to be compared with our result, though other
scenarios may not be ruled out as weak r-process sites.
The supernova nucleosynthesis models by Wanajo et al.
(2011) and Wanajo (2013) show diversity in elemental abun-
dances by variations of parameters such as electron fraction
and proto-neutron-star (PNS) mass. The model abundance
patterns are scaled to Zr, as shown in colored lines of Fig-
ure 10, and most of the model lines show variations from the
intermediate mass elements such as Ru. As shown in Section
4.3, we also find such diversity of the abundance patterns for
light neutron-capture elements of metal-poor stars. While all
the stars show similar trends from Sr to Mo, Ru abundances
show variations; some stars show low Ru abundance com-
pared to Mo, while some stars show higher abundance than
Mo. We expect that this variation in Mo and Ru abundance
ratios can serve as a hint to constrain the physical condition in
supernovae.
Figure 10 (a) shows a comparison of our target stars
with the two-dimensional hydrodynamical model (up to ∼
350 ms after core bounce) of an electron-capture super-
nova (ECSN, Wanajo et al. 2011). ECSNe are neutrino-
driven explosions from collapsing oxygen-neon-magnesium
cores of the low-mass end of supernova progenitors (Nomoto
1987; Kitaura, Janka, & Hillebrandt 2006; Janka et al. 2008;
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FIG. 10.— Abundance patterns of light neutron-capture elements from Sr to Pd of five observed stars and HD 122563 (black solid circle) compared with the
predicted elemental abundances by the models of (a): and electron-capture supernova (Wanajo et al. 2011) with various minimal electron fractions (Ye,min) and of
proto-neutron-star wind (Wanajo 2013) with various neutron-star masses (MNS) and minimal electron fractions of (b) Ye,min = 0.40 and (c) 0.45. The abundance
patterns for the stars and the models are vertically shifted to match the Zr abundance of HD 122563.
Wanajo et al. 2009). The unique structure of a pre-supernova
core with a relatively small barionic mass of 1.375M⊙
(gravitational mass of ∼ 1.2M⊙) surrounded by a dilute
hydrogen-helium envelope leads to a fast explosion, eject-
ing less neutrino-processed, and thus, more neutron-rich
material (than those expected for more massive progeni-
tors). The original self-consistently exploding model of
Wanajo et al. (2011), however, results in the production of
the lightest neutron-capture elements up to Zr (red line in Fig-
ure 10(a)). They argued that a possibility of ejecting slightly
more neutron-rich material could not be excluded because of
the limitations of their simulation (e.g., resolution and two-
dimensionality). As they demonstrated, the abundance pattern
of light neutron-capture elements for HD 122563 can be rea-
sonably explained when the original minimum electron frac-
tion (proton-to-nucleon ratio) of Ye,min = 0.40 is replaced by
Ye,min = 0.30 (blue line in Figure 10 (a)). We, therefore, com-
pare our result to the abundance patterns of their modified
models with various Ye,min values as shown in Figure 10 (a),
where the abundances are vertically shifted to match the Zr of
HD 122563. Here, Ye,min & 0.3 could be taken as a realistic
range. Given the fairly robust physical conditions of ECSNe,
the possible range of Ye,min would be small in reality. Owing
to the nucleosynthetic outcomes extremely sensitive to Ye, we
find that the variations of abundance patterns in our samples
can be well bracketed with a small range of Ye,min = 0.25–
0.33. These models cannot explain, however, the abundance
ratios Mo/Ru & 1 of the presented stars. Such a ratio is given
by the model with Ye,min = 0.35; however, the absolute values
of abundances are too small compared to the target stars.
Figure 10 (b) and (c) show the comparison with the semi-
analytic, spherically symmetric, general-relativistic model of
PNS wind of core-collapse supernovae (Wanajo 2013). The
model involves a gravitational mass of proto-neutron star
(MNS) and a Ye,min as free parameters. The neutrino-driven
wind phase lasts 10 s after core bounce with (somewhat
arbitrary determined) temporal evolutions of neutrino lumi-
nosity, PNS radius, and Ye (see Figs. 1 and 2 in Wanajo
2013). In Figures 10 (b) and (c), we compare our result
with the abundance patterns obtained from the PNS mod-
els of Ye,min = 0.40 and 0.45, respectively. A reasonable
range may be Ye,min & 0.4 according to recent hydrodynam-
ical studies (Fischer et al. 2012; Martı´nez-Pinedo et al. 2012;
Roberts et al. 2012), which is, however, highly uncertain be-
cause of a lack of long-term multi-dimensional simulations
with neutrino transport.
The colored lines show those of MNS = 1.2–2.4M⊙. The
abundances of the stars and of models are vertically shifted
to match the Zr abundance of HD 122563. A realistic range
of PNS masses would be MNS ∼ 1.2–1.6M⊙ according to re-
cent systematic studies of one-dimensional core-collapse sim-
ulations (Ertl et al. 2016). As can be seen in Figure 10 (b)
(Ye,min = 0.40), the abundances of the stars are reasonably
bracketed with a smaller range of MNS = 1.2–1.4M⊙ (than
that in Ertl et al. 2016). If a greater Ye,min (=0.45) is taken
as in Figure 10 (c), the range shifts to the more massive side
of MNS = 1.6–1.8M⊙, which is slightly out of that predicted
from hydrodynamical studies (Ertl et al. 2016). Among the
presented models, those with Ye,min = 0.45 and MNS ≤ 1.6M⊙
satisfy the ratios Mo/Ru . 1 of the stars. It suggests, there-
fore, that a reasonable parameter space of MNS and Ye,min
brackets the abundance variations.
In conclusion, the diversity of abundance patterns in our
sample can be interpreted as a result of possible ranges of
quantities, such as Ye and MNS, in relevant astrophysical sites.
The variation of abundance patterns for the presented stars can
be well explained with only small ranges of such quantities,
e.g.,Ye,min= 0.25–0.33 (ECSNmodels) or MNS = 1.2–1.4M⊙
(a subset of PNS models). The result implies that the weak r-
process site has fairly robust physical conditions (such as EC-
SNe), provided that our sample well represents the diversity
of light neutron-capture abundances. Alternatively, the site
has various physical conditions (such as PNS winds) and the
diversity of neutron-capture abundances is in fact greater than
that found in this study. The ratio Mo/Ru . 1 can also serve
as a constraint on theoretical modeling.
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5. SUMMARY
We analyzed the abundance patterns of five very-metal-poor
stars, including Mo, Ru, and Pd, which are known to have
high light-to-heavy abundance ratios of neutron-capture ele-
ments. We compared the abundances with the r-process com-
ponent of the solar-systemmaterial and found that the patterns
of light neutron-capture elements of our targets have diversity.
We found a sizable variation in the abundances of elements
starting from Ru toward Pd. We also confirmed robustness of
abundance patterns up to Mo, which resulted in a small vari-
ation of abundance ratios of [Mo/Zr] as a function of [Ru/Zr]
for the seven stars including our targets and reference (HD
122563 and CS 22892-052) stars. The significant decrease in
light neutron-capture elements especially from Mo to Pd can
be explained as a result of weak r-processing in core-collapse
supernovae. In addition, the diversity found in our sample can
be attributed to small variations of quantities, such as electron
fraction or PNS mass, in relevant weak r-process sites. Future
spectroscopic studies of additional weak r-process-like stars
will be crucial to elucidate the diverseness of light neutron-
capture abundances, which serve as diagnostics of the pro-
posed supernova models.
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